The ability to build arguments that express thoughts is crucial for intelligent interactions among human beings. Thus, argumentation techniques have been applied for years in fields, such as rhetoric or artificial intelligence. More specifically, the agents paradigm fits into the use of these types of techniques because agents shape a society in which they interact to make arrangements or to decide future actions. Those interactions can be modelled using argumentation techniques. Therefore, the application of those techniques in multi-agent systems is an interesting research field. However, no systematic review has been conducted previously, to the best of the authors' knowledge, to provide an overview of argumentation techniques for multi-agent systems. This paper presents a systematic review of argumentation techniques for multi-agent systems research. The period of time that is included in this review is from 1998 to 2014. The objective of this review is to obtain an overview of the existing approaches and to study their impact on research and practice. The research method has been defined to identify relevant studies based on a predefined search strategy, and it is clearly defined to facilitate the reading of this paper. All of the included studies in this review have been analysed from two different points of view: the Application view and the Multi-Agent System view. A comprehensive analysis of the extracted data is provided in the paper, which is based on a set of research questions that are defined. The results of this review reveal suggestions for further research and practice. The argumentation technology is actually in a phase of internal enhancement and exploration. Moreover, the research interest in this topic has increased in the last years. Furthermore, several interesting findings are presented in the paper.
Introduction
Argumentation is a crucial communicative activity in society (Moor and Aakhus 2006); thus, argumentation theory is an interdisciplinary research area (van Eemeren et al. 1996 ) that has many applications in both theoretical and practical work in fields as computer science and artificial intelligence (Bench-Capon and Dunne 2007) .
Multi-Agent Systems is a research area in which argumentation theory has been receiving increasing interest in recent years (Maudet et al. 2007) . As a set of agents shape a society, communication among them plays an important role in the system. The techniques used to analyse and design the interaction among these rational agents can use argumentation to facilitate the interaction among them in complex systems. Thus, this work is focused on obtaining conclusions of the current state of the art in order to apply argumentation techniques in a real-life application of a Multi-Agent System (MAS).
The reminder of this paper is structured as follows. Section 2 presents an overview of argumentation theory and some of the most relevant and influential argumentation frameworks. Section 3 shows the research method that has been followed during the review, including the review protocol and the search process. Section 4 presents an overview of the studies included in the review, analysing their data sources or citation status. Section 5 analyses the key aspects defined in the process of data extraction and synthesis. Section 6 offers a discussion of the obtained results. Finally, Sect. 7 presents the conclusions of this work.
Argumentation theory
Argumentation theory is defined as the interdisciplinary study of the method to obtain conclusions through logical reasoning (van Eemeren et al. 1996) . It has been studied in many different fields, such as rhetoric (Wallace 1963; Perelman and Olbrechts-Tyteca 1969) , philosophy (Toulmin 2003) , law (Feteris 1999) or artificial intelligence (Walton 2009 ), and includes aspects as debate and negotiation, which are both directed toward achieving valid conclusions and/or agreements. In the literature, we find Dung's work (1995) as one of the most influential approach to argumentation in artificial intelligence field. However, other approaches are widely used in the field, such as Argumentation-based Negotiation (ABN) (Rahwan et al. 2003) or Three-Layer Argumentation Framework (TLAF) (Maio and Silva 2012) .
As it is expressed in Dung (1995) , "Argumentation constitutes a major component of human intelligence." Thus, the human ability to synthesise ideas in arguments, to understand complex statements, to perform scientific reasoning or, in general, to express their thoughts is a key factor of the intelligent interaction among any being in a society. To transfer this ability to a MAS, a wide range of argumentation frameworks have been applied in many studies (Maudet et al. 2007 ) in recent years. Many of those frameworks extend a basic and abstract argumentation framework proposed by Dung (1995) , which is briefly introduced in Sect. 2.1. Furthermore, other popular argumentation frameworks used in a great variety of studies are described in Sect. 2.2.
Basic argumentation framework
In this section, an introduction to Dung's abstract argumentation framework (1995) is shown to highlight the most important concepts for understanding argumentation theory. This framework is applicable to any field, including philosophy dialogue or sciences debate.
In this abstract framework, a set of arguments and a set of relations among them are given. Thus, the abstract framework focuses on the definition of the arguments' status. To clarify the concepts of Dung's framework, a set of definitions are shown below.
Definition 2.1 An argumentation framework is a pair AF = AR, R , where AR is a non-empty set of arguments and R is a binary relation on AR called the attack relation (R ⊆ AR × AR).
Thus, an argumentation framework is defined as a set of arguments and a set of relations among them. An argument can attack another argument to discard it from the reasoning process in order to achieve acceptable statements.
Definition 2.2 Let a, b ∈ AR, a attacks b (or b is attacked by a) ⇐⇒ (a, b) ∈ R.
Definition 2.2 can be extended to sets of arguments. Thus, let S ⊆ AR, S attacks b (or b is attacked by S) ⇐⇒ ∃x ∈ S|(x, b) ∈ R.
Definition 2.3 Let S ⊆ AR ∧ a ∈ AR, S defends a ⇐⇒ S attacks ∀x ∈ AR|(x, a) ∈ R.
Thus, a set of arguments can defend a concrete statement and discard (or attack) all of the arguments that attempt to discard that statement.
Definition 2.4 Let S ⊆ AR; S is conflict-free ⇐⇒ a, b ∈ S|(a, b) ∈ R.
Then, a set of arguments can be considered to be conflict-free when there is no argument that attacks other arguments in the set.
Definition 2.5 An argument a ∈ AR is acceptable with respect to S ⊆ AR ⇐⇒ ∀b ∈ AR|(b, a) ∈ R ⇒ S attacks b.
In other words, the acceptable argument with respect to an argument set is composed of all of the arguments that are defended by that set. To know all of the acceptable arguments with respect to a given set of arguments, the characteristic function is defined in Definition 2.6.
Definition 2.6
The characteristic function, denoted by F AF of an argumentation framework AF = AR, R , is defined as follows:
F AF (S) = A ⊆ AR|A is acceptable with respect to S.
Once the characteristic function has been defined, there is a set of interesting semantics to reason with the arguments that are shown below. Definition 2.7 Let S ⊆ AR ∧ S be conflict-free.
S is admissible ⇐⇒ ∀a ∈ S is acceptable with respect to S.
Definition 2.8 A preferred extension of an argumentation framework AF is a maximal (with respect to set inclusion) admissible set of AF.
Definition 2.9
The grounded extension of an argumentation framework AF, denoted by G E AF , is the least fixed point of the characteristic function F AF , i.e., the best-founded set of arguments.
Definition 2.10 Let S ⊆ AR ∧ S be conflict-free. S is a stable extension ⇐⇒ S attacks ∀a ∈ AR|a / ∈ S.
With the definitions presented above, the principles of Dung's abstract argumentation framework are summarised. To resolve concrete problems using these principles in a MAS, these concepts are used to set the preferences and strategies of the agents in the system. For exhaustive reading, a set of interesting properties, which are used to simplify the agent reasoning cycle in the argumentation process, are provided by Dung (1995) .
Extended argumentation frameworks
This section briefly exposes some of the most popular argumentation frameworks which extend a basic framework. The frameworks described below add new features to cover concepts, such as preferences or assumptions, used to build more robust and complex argumentation-based systems.
Note that a large variety of frameworks can be found in the literature, but many of them use only one of the frameworks that are presented in this section and are merged with a concrete reasoning technique, such as CBR [Case-based argumentation )], rule-based reasoning [Rule-based argumentation (Hartfelt et al. 2010 )] or knowledge-based reasoning [Information-based argumentation (Sierra and Debenham 2009)] . In summary, this section offers a brief overview of some abstract and general purpose frameworks.
Preference-based argumentation framework
To enforce the concept of acceptability, this framework (Amgoud and Cayrol 1998) introduces preference orderings into the definition of acceptability (see Definition 2.5). To express these preferences, a set of new definitions are introduced, as follows:
Based on Definition 2.11, the concept of defence is modelled by the preference orderings.
Definition 2.12 A preference-based argumentation framework is a triplet AR, R, P , where P is a partial preordering (reflexive and transitive binary relation) on AR × AR.
Because P in this definition of the Preference-based Argumentation Framework (PAF) is a partial relation, the acceptability concept can be weakened. Thus, the acceptability class is defined as follows: Definition 2.13 Let a preference-based argumentation framework be AR, R, P ; the acceptability class is denoted as C R,Pre f ⊆ AR and is defined as a
In other words, Definition 2.13 says that an acceptability class contains all of the arguments that defend themselves against any attack.
Thus, this framework [Preference-based Argumentation Framework (PAF)] can be used if the agents involved in the argumentation process can be modelled with established preferences. Then, they can decide their actions based on their preferences and their environment perceptions.
Research method
This work has been performed following the guidelines proposed by Kitchenham and Charters (2007) . They propose a formalised process to summarise knowledge in a particular research area for interpreting all of the available research that is related to a specific research question. This process is composed of several steps, which are detailed in the following subsections. Following the Kitchenham and Charters's guidelines (2007) , the first step is the definition of a review protocol (Sect. 3.1). The second step is the identification of inclusion and exclusion criteria (Sect. 3.2). The third step is the search for relevant work based on the previously defined criteria (Sect. 3.3). The fourth step is the definition of quality assessments (Sect. 3.4). Finally, the fifth step is the data extraction and synthesis (Sect. 3.5).
Review protocol
We defined the review protocol to specify the methods that were used during the review. The main objectives of this review protocol were to stipulate the background of this systematic review, the research questions, the search processes, the inclusion and exclusion criteria, the selection processes, the quality assessments and the data collection and analysis. The developed review protocol was made by one author and reviewed by the remaining authors to avoid a bias in the review. The background and the research questions are given in previous sections, while the remaining elements are described below.
Inclusion and exclusion criteria
The research studies included in this review must meet the criteria that are established to ensure that all of the relevant studies were found. The time window considered for this review is from 1998 to 2014. Only papers in English from peer-reviewed conferences, workshops and journals were considered for the review. We excluded studies that are not explicitly connected with argumentation techniques for multi-agent systems. Furthermore, informal literature surveys were excluded, such as studies with undefined research questions, search process or data extraction/analysis process.
All of the inclusion criteria must be satisfied to add a study to the review. If any exclusion criterion is met, the study cannot be added. To summarise, Table 1 presents the inclusion and exclusion criteria for this systematic review. 
Search process
We have focused on searching the studies in a set of databases composed of the majority of the electronic sources that Brereton et al. (2007) highlight in their work. As Brereton et al. (2007) , we accept that the major relevant research results published in books and/or reports are published in scientific papers, also. Nonetheless, if a book presents a high quality description of a specific topic, it can be included in the review. The electronic sources used in the search process were the following:
-IEEE Xplore (http://www.ieee.org/web/publications/xplore).
-ACM Digital Library (http://dl.acm.org).
-Science Direct (http://www.sciencedirect.com).
-SpringerLink (http://www.springerlink.com).
These databases contain the most important journals and conference proceedings that are relevant for the topic of the review, such as the Autonomous Agents and Multi-agent Systems (AAMAS) Conference or the Argumentation in Multi-Agent Systems (ArgMAS) Workshop.
The concept of argumentation can be used in different ways with similar but not identical meanings; thus, the following search terms were used to find relevant studies in the mentioned databases.
-S1: argumentation multi-agent systems -S2: argumentation classification -S3: argumentation negotiation -S4: argumentation planning -S5: argumentation dialogue
The selection process to include the relevant studies in the review was conducted by following the steps described below.
1. Search in the databases to find studies by using the search terms. 2. Exclude studies based on the exclusion criteria. 3. Exclude irrelevant studies based on an analysis of their titles and abstracts. 4. Include studies based on a full text read and the inclusion criteria.
The stages of the search process are shown in Fig. 1 . Duplicated studies were removed for this review. Three searches were performed at different points in time: July 2012, March 2013 and January 2015, with the intention of covering the publication results in the range of years from 1998 to 2014. During the search processes, a form powered by Google Drive 1 has been used as an auxiliary tool to extract the relevant data for the studies included in the review, checking the inclusion and exclusion criteria in all of them. Irrelevant publications were removed and, afterward, further filtering was conducted by reading the titles and abstracts. The set of publications that resulted from this step were fully read to ensure that they are relevant to the topic of argumentation techniques for multi-agent systems. The result is a set of 64 studies in the final list. 
Quality assessment
The quality criteria established for the review was applied to ensure the quality of each individual study. These criteria are presented below.
1. The study has a description of the research context. 2. The analysis conducted in the study is based on evidence or theoretical reasoning. 3. The evaluation of the research has been performed with real datasets or theoretical explanations.
All of the included studies met each of these three criteria to ensure our confidence in the credibility of any included research.
Data extraction and synthesis
The process of data extraction and synthesis was conducted by reading all of the papers that were included in the review and extracting the relevant data. To maintain consistency in the data extraction process, the form shown in Table 2 has been used to collect interesting data about this particular review. For the data synthesis, the extracted data had been inspected to find similarities, which are used to define how the results could be encapsulated to show them. The results of the synthesis process are described in the following sections.
Overview of the included studies
This section shows the studies with respect to the publication sources and the citation status to indicate their quality and impact. A set of temporal views are presented in the subsequent sections. All of the selected studies are provided in the references of the paper. Table 3 shows an overview of the citation rates of the studies included in this systematic review. The source of these numbers is Google Scholar. 2 The aim of these data is not to compare the studies among them. These data are used only to give an indication of the study citation rates. A set of 27 studies have been cited fewer than 5 times. Among these 27 studies, 19 were published between 2012 and 2014; thus, in a short period of time, an increase in their citation numbers is expected in the future. Other 22 studies have been cited between 5 and 20 times, and 7 of them have been cited more than 20 times. Finally, 8 studies have a substantial number of citations and are highlighted in Table 4 . Figure 2 presents the status of citations of the included papers by years. This finding also depicts the quality and the impact of these studies. Furthermore, it is expected that these numbers will grow because most of the papers have been published in the last 3 years, as shown in Fig. 3 .
Citation status

Temporal view
Looking at the studies by the year of publication, as shown in Fig. 3 , a trend of an increasing number of publications is detected since 2006 for the reviewed topic. The significant increase of publications, especially in the last 3 years, indicates that argumentation techniques are spreading among the community. That increased research interest in the topic reflects that there is still a set of open challenges that can be addressed.
Results
As described in Sect. 3, during the data synthesis phase, the included studies were compared among them in terms of the research topics and content, to extract knowledge about the use of argumentation techniques. This extraction was performed by using the form presented in Table 2 . Among all of the questions presented in that form, we have divided them into two main categories based on two different points of view. On the one hand, the Application view (Sect. 5.1) shows relevant data about the application of argumentation techniques, such as the application field, the goal of the system proposed in the study or the support software used to implement the system.
On the other hand, MAS view (Sect. 5.2) analyses the design of the proposed approach, highlighting questions such as the reasoning techniques used by the agents, the collaborative or competitive society that they shape, the communication protocol that they use, the argumentation framework that they apply or the format of the arguments that they share. 
Application view
This section shows the use of argumentation techniques from the application point of view for the included studies. In other words, the application is analysed by showing the problem type that is resolved, i.e. the goal of the system (Sect. 5.1.1), its application field (Sect. 5.1.2), the support software used in the development of the system (Sect. 5.1.3), the maturity level of the application (Sect. 5.1.4), and finally, its evaluation process (Sect. 5.1.5).
Problem type
The application of argumentation techniques in MASs can be used to solve different real-life problems. An argumentation is composed by dialogues among agents and, following the classification made by Walton and Krabbe (1995) , there are several basic types of dialogue classified by their goal, as shown in Table 5 . Note that these types of dialogue group different tasks. For example, planning and decision making tasks are included in deliberation dialogues, and classification and diagnosis tasks are grouped in inquiry dialogues. Table 6 shows the included studies classified by the goal of the proposed approach. Some generic studies with a non-specific dialogue type, (Tannai et al. 2011; Gaertner and Toni 2007; Wang and Luo 2010; Caiquan et al. 2010; Hsairi et al. 2006; Hsairi et al. 2010; Obeid and Moubaiddin 2009; Xiong et al. 2012; Gaertner and Toni 2008; Vreeswijk 2005; Amgoud et al. 2000) are not in the table.
Application field
The studies that were included in this review are classified in this section based on their application field. First, almost half of them are theoretical studies that have not been applied in real-life applications yet.
The reminder of the included studies presents applications in fields where argumentation is used as a negotiation or classification mechanism, such as e-commerce, to find potentially interesting products (Huang and Lin 2010) , to make deals with providers and customers (Ge et al. 2010) or to negotiate supply strategies (Wang et al. 2010) . Other interesting application fields are virtual organisations, reasoning with incomplete and conflicting information (Janjua and Hussain 2012) , analysing emotional factors (Marreiros et al. 2005) , deciding whether or not a person can apply for a specific benefit with a set of restrictions (Wardeh et al. 2012) , for credit assignment (Pashaei et al. 2014) , to building reputation models (Hsairi et al. 2010) , conflict resolution in supply chains (Hsairi et al. 2006 ) and building ambient intelligent systems (Moraitis and Spanoudakis 2007) . In industrial management, these techniques are applied in management systems for multiple tasks, such as to decide the way to dry an oven in automobile production (Ye et al. (2005), Tang and Parsons (2005) 2010), to manage waste-water discharges (Aulinas et al. 2012) , to decide about an automatic freight process (Chow et al. 2013) or to improve the performance of transport systems in rural areas (Velaga et al. 2012 ). Knowledge engineering is another interesting field in which some studies apply argumentation techniques for different tasks, such as to make automatic matching among existing ontologies or knowledge bases (Maio et al. 2011; Maio and Silva 2014) or to discuss about a particular issue in medical guidelines (Grando et al. 2012) . For some critical tasks, argumentation techniques are applied too, such as an emergency rescue (Zhang et al. 2012) or security administration (Rowe et al. 2012) . Finally, argumentation techniques have been applied in many different domains, what shows their suitability for complex and heterogeneous environments.
Support software
This section describes a summary of the support software that is used in the included studies. At this point, we must remark that not all of the studies offer information about which software, platforms or frameworks are used to implement the work.
Among the included studies, one of the most common approaches (Moraitis and Spanoudakis 2007; Wang et al. 2010; Xiong et al. 2012; El-Sisi and Mousa 2012) is to use generic purpose multi-agent platforms, such as JADE, to implement an argumentation framework required by the problem under consideration. However, other studies use some tools that are focused on the argumentation framework, such as CASAPI (Gaertner and Toni 2007) or PISA (Wardeh et al. 2012) . Furthermore, some platforms, such as Magentix2 agent platform , mix several approaches and can be used to develop argumentation in multi-agent systems. Finally, other studies (Janjua and Hussain 2012; Marreiros et al. 2005 ) implement argumentation mechanisms using web applications. 
Maturity level
This section describes the application of the model proposed in the studies for real-life applications based on their maturity level. We have categorised all of the included studies at three different levels. The Theory level represents a proof of concept that is made in a lab but not developed or applied for any real-life application. All of the studies included in the Prototype level describe the results of initial work applied to real-life problems. Finally, Application level studies give an overview for a system used in a real-life task. The studies are classified using these criteria in Table 7 . Furthermore, in the temporal view of the studies classified per maturity level shown in Table 8 , we found an increase of the number of studies that includes prototypes and applications instead of only theoretical explanations, which means argumentation techniques are being applied to software systems in recent years.
Evaluation process of the proposed model
The last two questions that are included in this section of the review are whether the study results have been validated with real data and whether the proposed models have been compared with other similar and alternative methods or models.
The first of these aspects used to analyse the studies is the usage of real data to evaluate the proposed models. At this point, we distinguish three different levels (see Table 9 ): "No, only theory" for studies that use only some simple data to probe the proposed model in a specific case; "Yes, real but private" for studies that evaluate their models with real data but the experiments are not replicable because their data are private or not available for anyone; Maio and Silva (2014) and finally, "Yes, public data" for studies that offer a public repository of datasets to allow the replicability of the experiments. The second aspect to classify a study in this section is whether the proposed model is compared with other alternative models or techniques (see Table 10 ).
MAS view
Once the studies included in this review have been analysed from the point of view of their applications, the design of the MAS is figured out in this section based on the following criteria. Section 5.2.1 presents the reasoning techniques used by the agents. Section 5.2.2 shows the behaviour that agents have in their society. Section 5.2.3 analyses the environment in which the MAS is executed. Section 5.2.4 exposes which communications protocols are used in the system. Section 5.2.5 offers an overview of what argumentation framework used in the included studies. Finally, Sect. 5.2.6 shows the format that is used to interchange arguments among agents. 
Agent level
This section exposes the techniques that were used by agents internally to process their data, such as the evidences or arguments, in other words, how an agent reasons internally to decide its behaviours and reactions. Based on the included studies in the review, the most commonly used technique is rulebased inference (Hsairi et al. 2006; Gaertner and Toni 2007; Moraitis and Spanoudakis 2007; Yuan et al. 2009; Obeid and Moubaiddin 2009; Caiquan et al. 2010; Tannai et al. 2011; Xiong et al. 2012; Harvey et al. 2007; Huang and Lin 2010; Janjua and Hussain 2012; Wardeh et al. 2012; Rowe et al. 2012; van der Weide et al. 2011) . However, there are other techniques that must not be ignored because they offer other alternatives to reason under uncertainty, such as fuzzy logic Hsairi et al. 2010; Chow et al. 2013; Wang and Luo 2010; Tao et al. 2014; Bedi and Vashisth 2014) Vicari et al. 2003) , to reason based on similarity, such as CBR Aulinas et al. 2012; ), or to measure the benefit of a specific action using utility functions (Ge et al. 2010) .
It must be mentioned that many theoretical studies that are included in the review do not offer any information about any reasoning technique for the agent level, because they are focused on the argumentation task, not on the reasoning process itself.
Society level
As the interaction among agents in a multi-agent system can be collaborative or competitive depending on the goals of each agent, the behaviour at the society level is studied in this section. Pashaei et al. (2014) At this point, we identify two different behaviours: collaborative, a set of agents have a common goal and collaborate to achieve it; or competitive, every agent has its own goal and competes to earn the maximum possible benefit. Table 11 shows this aspect for the included studies. Some general frameworks or approaches are not included in this classification because they support both behaviours depending on the environment.
Execution environment
Another interesting aspect to consider is the environment where the agents are executed. We classify two different main types of execution environment for the included studies, as shown in Table 12 . The type which is most directly related to the final systems is the application environment, i.e., the multi-agent system presented in the study shows a system in which the MAS is integrated into a real system. The simulation type presents a study where the complexity of the scenario is too high to develop a real application for a probe of concept; as a result, it can be considered to be a previous stage of the application environment. Finally, the theoretical studies are not included in Table 12 . 
Communication protocol
In any multi-agent system, the communication among agents plays an important role in the complexity of the final system. In industrial applications, communication protocols, such as the Foundation for Intelligent Physical Agents (FIPA) protocol (O'Brien and Nicol 1998; Specification 2000) or the Knowledge Query and Manipulation Language (KQML) protocol (Finin et al. 1994) , are the best practice (Ferber et al. 2004 ). However, in prototypes of theoretical explanations, other ad hoc alternatives are widely used too. Table 13 shows two different categories which have been used to analyse all of the included studies. As shown in Table 13 , FIPA protocol is quite common in studies which are in an advanced development stage, i.e. developed prototype or application. But, a centralised approach were all agents executed in the same node is quite common too. Note that some of the studies do not offer any information about how information is interchanged among the agents. Thus, those studies are not considered in this section.
Argumentation framework
In the literature, we can find argumentation frameworks with approaches that deal with different aspects to achieve a given goal. Table 14 shows an overview of the argumentation frameworks that are used explicitly in the studies include in this review. Studies which do not identify a specific argumentation framework are not included in this section. For example, if an argumentative approach applied in a study is using some of the concepts presented by Dung (1995) or Amgoud and Cayrol (1998) , but authors do not make any reference their works, that study will not be included in the corresponding row in Table 14 .
Furthermore, a discussion of the frameworks in Table 14 is included in Sect. 6.2.4 analysing their features and applications from a practical point of view.
Argument format
Among the existing alternatives to exchange information during an argumentation process, the non-theoretical studies included in the review use the formats shown in Table 15 .
The most popular option between the included studies is the use of rules that explain the arguments, facilitating its understanding. Conforming the arguments as individuals of an ontology offers some powerful benefits, as the checking of the arguments coherence or the use of external ontologies to add expressiveness to the argumentation dialogue. Moreover, the FIPA-ACL standard support the use of ontologies during the agent conversation. Nevertheless, Tao et al. (2014) some studies uses arguments in plain text format which offers a great flexibility to express any idea and facilitate the human interaction with the argumentation system. Note that some studies do not offer information about the format for interchange in argument. In other words, they do not refer to how arguments are formatted or use a generic tuple to represent them. Thus, these studies are not included in this section, because they express arguments in a theoretical way. Table 16 shows the use of these argument formats in the included studies during the temporal window of this review. The developed prototypes in recent years, shown in Sect. 5.1.4, have motivated an increase of the number of studies that specify a format to interchange arguments, such as ontologies or rules.
Discussion
The identified categories shown in Sect. 5 provide an overview of the argumentation techniques for multi-agent systems research as well as a basis for discovering possibilities for the improvement of research and practice. The following sections discuss the scope of the review (Sect. 6.1) and the potential impact on research and practice (Sect. 6.2) as well as the validity threats to this review (Sect. 6.3).
Scope of the systematic review
This paper focuses on the development of methods that are based on argumentation techniques and the application of those methods in multi-agent systems. Thus, it includes only studies that address pragmatic aspects, such as the development or definition of innovative techniques and systems that provide useful solutions to real-life problems. This systematic review focuses mainly on the studies that describe approaches that are concerned with argumentation methods applied to multi-agent systems. Nevertheless, theoretical studies that can be potentially applied in real-life systems are included to address the problem.
Within the area of non-monotonic reasoning, the more general concept of Defeasible Reasoning was introduced by Pollock (1987) . The use of this type of reasoning has led to useful and important findings in other research areas, such as intelligent agents and MAS (Dix et al. 2009 ). Using dialectical approaches, agents can share arguments to claim a conclusion or counter-arguments to reject invalid statements. The use of argumentation techniques can handle these situations with well formalised dialogue models that can be applied in MASs.
Within the area of multi-agent systems, one of the most important challenges and recommendations (Winikoff 2012 ) is to focus on the "macro" level, i.e., to develop techniques for designing and implementing interactions and to integrate micro (single cognitive agent) and macro (MAS) design and implementation. At macro level, argumentation can be used to define agents interactions and environment policies. While, at micro level, agents generates and evaluates arguments based on their own reasoning processing. Thus, argumentation techniques integrate both macro and micro level, as Winikoff recommends in Winikoff (2012) .
Thus, as can be seen from the above, there are many possibilities in the application of the argumentation techniques for the evolution of MASs. This review is focused on analysis of the recent work in that field, to obtain valuable conclusions for further research.
Impact on research and practice
This systematic review has a number of implications for research and practice. The following sections expose the maturation of the technology to apply argumentation techniques in MASs for real-life problems (Sect. 6.2.1), the theoretical foundation of the studies (Sect. 6.2.2), the combination of approaches to address complex systems (Sect. 6.2.3) and, finally, some guidelines to apply argumentation these techniques (Sect. 6.2.4).
Technology maturation
This section discussion where the argumentation technology for multi-agent systems stands today. Redwine Jr and Riddle (1985) identify one initial phase and five different stages, which are briefly commented below, for technology maturation to broadly spread the use of any new software technology.
The initial phase is called Basic Research and constitutes general recognition of problem and discussion of its scope and nature. The first stage is Concept Formulation, which is the convergence on a compatible set of ideas. The second stage, Development and Extension, is the clarification of the underlying ideas and the extension of the general approach to a broader solution. The third stage, called Internal Enhancement and Exploration, is a major extension of general approach to other problem domains, an use of the technology to solve real problems, stabilisation and porting of the technology. The fourth stage is External Enhancement and Exploration, which is the same activities as for the previous stage but carried out by a broader group, including people outside the development group. Finally, the fifth stage, Popularisation, is the appearance of production-quality, supported versions commercialisation and marketing of the technology, propagation of the technology throughout community of users.
The argumentation technology can be considered to be in the third stage, because it has a robust and solid theoretical background as an interdisciplinary field study and is being applied in some applications domains, as shown in Sect. 5.1 and its subsections. Given the steady increase of the studies that present results from a prototype in recent years, as shown in Table 8 , it is possible to state that solutions which apply this technology to real-life problems will be available in the future. This implies that is early to place argumentation technology in fourth stage, because there is a small number of MAS platforms that support argumentation techniques. The appearance of more platforms of this type would foster the development and application of this technology, promoting its adoption for a broader audience.
Theoretical foundation and formalisation for argumentation techniques
In previous sections, the included studies have been classified in several ways. One of them has been the maturity level of the proposed approach (see Sect. 5.1.4). Among the 64 studies that were included in this review, approximately one-half (54.68 %) of them are theoretical studies that formalise or prove advanced concepts about the use of argumentation theory in MAS. Approximately one-third (34.37 %) of them present prototypes of a system that attempts to resolve real-life problems. Finally, only one-tenth (10.93 %) of them expose a final application of this technology.
Thus, based on these data and on the previous studies that were not included in the scope of this review due to time constraints (only studies published between 1998 and 2014 are included), we can suggest the argumentation techniques have a wide theoretical foundation and are in an early third stage of the Redwine and Riddle classification (1985) .
Combining approaches to address a multifaceted perspective of multi-agent systems and argumentation techniques
The use of argumentation techniques to handle different ambiguous situations in a MAS can be a correct decision in many cases. However, these techniques by themselves do not solve all of the issues that are found typically in a MAS when they have to face real-life problems. For example, how agents decide to expose an argument to the group or how they choose an argument to attempt a counter-attack are issues that are not always covered in theoretical studies, even when they are keys issues when a MAS is used in a real-life application, and some agents must interact with external systems that have incomplete or irrelevant information. For this reason, some studies include the use of argumentation with other reasoning techniques, such as case-based reasoning [Case-based argumentation )], rule-based reasoning [Rule-based argumentation (Hartfelt et al. 2010 )] or knowledge-based reasoning [Information-based argumentation (Sierra and Debenham 2009)] . Furthermore, another interesting approach is the use of ontologies to represent the arguments (see Sect. 5.2.6). It allows the agents to perform semantic reasoning with the information that is available in the complete ontology and, even, to make matching of different ontologies (Maio and Silva 2014) . Following this approach, some argument formats have been proposed, such as the Argument Interchange Format (AIF) (Chesñevar et al. 2006) or ArgDF (Zablith 2007) .
Tailoring relevant approaches for specific contexts
This section provides some guidelines to apply argumentation techniques in a MAS for reallife applications. We identify three different steps to consider in each specific context: (i) analyse the suitability of these techniques, (ii) select an argumentation framework, and (iii) choose a MAS platform.
First step is evaluating the suitability of argumentation techniques for the considered problem. As we have reviewed in Sects. 5.1.1 and 5.1.2, argumentation techniques have already been applied in MAS for a number of problems and domains, respectively. Authors can review those sections to analyse designs for similar problems or domains. As argumentation techniques define mechanisms for carrying out complex and sophisticated dialogues, they are suitable for designing agents that interact among them offering and processing reasons, i.e. rational agents. In particular, argumentation techniques can be applied for achieving different types of goals in agent interactions, such as resolve or clarify an issue, prove an hypothesis, get reasonable settlements, decide future actions or simply exchange information among agents (Walton and Krabbe 1995) .
Second step is selecting the argumentation framework. Based on the data gathered in Sects. 5.2.5 and 5.1.2, we provide some guidelines for this selection below.
The most popular general purpose argumentation framework is the Dung's Ar-gumentation Framework (DAF) (Dung 1995) , that defines basic concepts for any argumentation process. It presents the notion of acceptability based on an attack relation between two arguments and proposes a set of interesting semantics for reasoning. However, DAF presents some lacks not considering the strength of an attack, what is addressed in the Value-based Argumentation Framework (VAF) (Bench-Capon 2002) , or the existence of preferences between arguments, that is proposed in the Preference-based Argumentation Framework (PAF) (Amgoud and Cayrol 1998) . Thus, PAF provides an adequate solution when preference orderings between arguments is interesting to get better solution of the considered problem. For example, in collaborative problem solving, PAF could be applied if a solution is better (i.e. preferred) than other (Obeid and Moubaiddin 2009) . If those preferences can be expressed as a numeric value to measure their strengths, VAF presents an interesting solution, as those values can be learnt dynamically from data (d'Avila Garcez et al. 2014) or from agents experience .
Moreover, a variant of DAF that adds the notion of assumptions and preferences is found in the Assumption-based Argumentation Framework (AAF) (Bondarenko et al. 1993) . Particularly, AAF presents an appropriate approach if arguments are expressed as deductions based on a set of assumptions (Dung et al. 2009 ).
As negotiation cannot be understood without argumentation (Dung 1995) , Argumentationbased Negotiation (ABN) (Sierra et al. 1998; Rahwan et al. 2003 ) framework explores the possibility that negotiating agents aim at satisfying their own individuals goals, and optionally can have shared goals. This framework is able to combine cooperative and competitive contexts to achieve efficient solutions (Xue-jie et al. 2013) .
For changing environments, Logic Programming without Negation as Failure (LPwNF) (Kakas et al. 1994 ) approach, extended in Kakas and Moraitis (2003) , allows a high degree of flexibility in the adaptation of the argumentative reasoning of agents (Moraitis and Spanoudakis 2007) based on their social contexts, i.e. the same argument can be accepted or rejected according to the relation between agents. This framework is interesting to contexts in which relations among roles of agents change the acceptability of an argument. For example, in a military hierarchy, a soldier agent accepts or discusses arguments generated by a captain or a soldier, respectively.
Finally, if no one of the previous frameworks covers the context of problem under consideration, Three-Layer Argumentation Framework (TLAF) (Maio and Silva 2012) can be an interesting option. The proposed three-layers model is composed by a Meta-Model Layer, an Instance Layer which both combined present the classical relations between arguments that can be found in other frameworks, such as DAF or VAF, and a Model Layer which aim to capture semantics of the specific application domain (e.g. e-commerce or legal reasoning). This Model Layer should be adapted for the specific domain under consideration. This framework has been successfully applied in an ontology matching domain (Maio and Silva 2014; Maio et al. 2011 ).
Third step is selecting a MAS platform that supports the argumentation framework. As reviewed in Sect. 5.1.3, there is not yet a widely accepted argumentative platform for MAS. Thus, in case the problem requires, researchers should extend the selected MAS framework to support the needed argumentation facilities.
Validity threats
There are two main threats to validity in this systematic review. The first threat is bias in our selection of the included studies, and the second threat is the data extraction and synthesis.
To identify relevant studies and ensure that the process of selection has been unbiased, a research method was developed (see Sect. 3) to define research questions, inclusion and exclusion criteria, and the search process. The review protocol was defined by the first author, and then it was reviewed by the remaining authors, to check the formulation of the research questions, the validity of the search strings and the extracted data.
To ensure correctness in the data extraction and synthesis process, a form was defined using Google Drive 3 to obtain consistent data to answer the research questions and analyse the data by using the facilities that offer the online support tool.
Conclusions
This paper presents a systematic review of argumentation techniques for multi-agent system research. This review has been conducted following the principles provided by Kitchenham and Charters in Kitchenham and Charters (2007) .
The search process has been previously defined, and three searches were performed in July 2012, March 2013 and January 2015. Based on inclusion and exclusion criteria, a set of 64 studies were included in this review and were properly analysed and compared. The extraction and synthesis process was previously established to answer the most relevant aspects of the included studies from the authors point of view. The results are clearly presented in the sections of this paper, both graphically and literally.
While a quantitative overview is presented in Sect. 5, a qualitative discussion is included in Sect. 6. The findings from both sections are summarised below as follows:
Regarding the goal of the dialogue, the most common objective of an argumentative system is to decide the best course of action, i.e. decision making or planning. Other common goal is to achieve reasonable settlement or agreement among the agents through a negotiation process. However, the goal of inquiry is quite common in tasks such as diagnosis or classification. For further information, see Sect. 5.1.1.
The included studies address many different applications fields, but we must highlight the use of argumentation techniques in e-commerce and virtual organisations to make arrangements among the parts that are interested in a specific problem or in industrial management, to monitor some constraints or to improve the performance of the processes. For further reading, see Sect. 5.1.2.
Regarding the MAS platforms included in the studies, a number of them extend general purpose platforms, such as JADE, with the required argumentation capabilities for the problem under consideration. Other researchers, in contrast, tend to use their own specific frameworks, such as CASAPI or PISA, as shown in Sect. 5.1.3.
Another interesting finding is the evolution of the studies from pure theoretical studies to prototypes or real-life applications, as analysed in Sect. 6.2.1. The number of prototypes/applications described in the period from 2011 to 2014 depicts this technology offers approaches suitable for real-life applications.
Most researchers tend to use rule systems for reasoning with arguments. Other alternatives are CBR, fuzzy logic or Bayesian reasoning, as shown in Sect. 5.2.1. Furthermore, the use of rules as interchange format is the most common alternative to share arguments. However, other alternatives have been applied in non-theoretical approaches, such as arguments as individuals of an ontology or plain text arguments, as shown in Sect. 5.2.6.
Paying attention to the agents' interactions in their society, Sect. 5.2.2 highlights that a collaborative behaviour is observed more often than a competitive behaviour. Nevertheless, it is clear that argumentation techniques have been applied successfully in both cooperative and competitive environments.
Based on the number of studies that present developed prototypes and real-life applications in recent years, we can place the argumentation technology for multi-agent systems in an early third stage of the maturation classification proposed by Redwine Jr and Riddle (1985) . As an interdisciplinary field of study, argumentation has a robust and solid theoretical background and it is beginning to be applied in industrial applications, as shown in Sect. 6.2.1.
Some guidelines to apply argumentation techniques in a specific context are offered in Sect. 6.2.4. Moreover, that section includes a discussion about the features of the most popular argumentation frameworks from a practical point of view.
To conclude, the findings expose that the usage of argumentation techniques are mainly used in academia researchers, and non-broadly applied to real-life applications yet, i.e. the available technology begins to offer some non-mature solutions for industrial applications. The lack of a standard format to share arguments limits the proliferation of tools and testbeds. But, some efforts have been done in that direction, such as the Argument Interchange Format (AIF) (Chesñevar et al. 2006) or ArgDF (Zablith 2007) . Furthermore, the appearance of more MAS platforms that support argumentation techniques (such as Magentix2) 4 would foster its adoption for a broader audience. However, the increased interest in the development of prototypes, shown in Sect. 5.1.4, suggests this technology is getting closer to their broader application to real-life environments.
